Introduction
Salmonella enterica is recognized as one of the most common causes of foodborne illness worldwide (Zhao et al., 2006) . Within the United States of America, S. enterica infections are responsible for 1.3 million human cases of foodborne salmonellosis, resulting in 15,600 hospitalizations and 550 deaths each year (Mead et al., 1999; Zhao et al., 2006) . Globally, S. enterica infections are responsible for 93.8 million human cases of salmonellosis, resulting in 155,000 deaths annually and 85.6% of all cases were foodborne (Majowicz et al., 2010) . Human infections with S. enterica are primarily associated with the consumption of animal derived food products (Mead et al., 1999; Pang et al., 1995; Zhao et al., 2006) .
S. enterica contributes to morbidity and mortality in livestock (Fedorka-Cray et al., 1998; Dargatz et al., 2000) . In concentrated animal feeding operations (CAFO), cattle Veterinary Microbiology 179 (2015) 
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Bird-livestock interactions have been implicated as potential sources for bacteria within concentrated animal feeding operations (CAFO) . In this study we characterized XbaIdigested genomic DNA from Salmonella enterica using pulsed-field gel electrophoresis (PFGE). The PFGE analysis was conducted using 182 S. enterica isolates collected from a single CAFO between 2009 and 2012. Samples collected in 2012 were subjected to antimicrobial susceptibility testing. The analysis was limited to S. enterica serotypes, with at least 10 isolates, known to occur in both European starlings (Sturnus vulgaris) and cattle (Bos taurus) within this CAFO. A total of five different serotypes were screened; S. Anatum, S. Kentucky, S. Meleagridis, S. Montevideo, S. Muenchen. These samples were recovered from five different sample types; starling gastrointestinal tracts (GI), starling external wash, cattle feces, cattle feed and cattle water troughs. Indistinguishable S. enterica PFGE profiles were recovered from isolates originating in all sample types. Antimicrobial resistance (AMR) was also associated with indistinguishable S. enterica isolates recovered from all samples types. These data suggests that AMR S. enterica is transmitted between cattle and starlings and that shared feed sources are likely contributing to infections within both species. Moreover we isolated indistinguishable PFGE profiles across all years of data collection, suggesting long-term environmental persistence may be mediated by starling visits to CAFO.
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(Bos taurus) typically acquire S. enterica from other infected livestock which spread the pathogen throughout the herd via contaminated cattle feces (Wray and Davies, 2000) , cattle feed (Maciorowski et al., 2006) , and water (Kirk et al., 2002a) . There is evidence that the ecological interactions between synanthropic birds and cattle also contribute to increased cattle fecal shedding and environmental contamination of CAFO with S. enterica, Escherichia coli O157:H7 and Mycobacterium avium spp. paratuberculosis Daniels et al., 2003; Carlson et al., 2011a; Kauffman and LeJeune, 2011; Shwiff et al., 2012) . European starlings (Sturnus vulgaris) stand out as a potential source for E. coli O157:H7 and S. enterica in CAFO (Carlson et al., 2011b; Cernicchiaro et al., 2012) . In one instance, captured starlings shared genetically indistinguishable E. coli O157 subtypes with cattle in two isolated dairies visited by the foraging flock (Williams et al., 2011) . Based upon the published literature and our behavioral observations of starling-cattle interactions we hypothesize that crossspecies transmission of S. enterica occurs between starlings and cattle in CAFO. We predict that indistinguishable PFGE profiles would be found in starling and cattle samples involved in the cross-species transmission of S. enterica; starling feces (GI samples), cattle feces, external starling, cattle feed and cattle water trough samples.
The published data implicating starlings as a source for S. enterica contamination within CAFO has relied primarily upon direct plating and serotyping to demonstrate that S. enterica contamination is associated with starling-livestock interactions (Kirk et al., 2002b; Gaukler et al., 2009; Carlson et al., 2011a,b) . These data have been useful at identifying associations between foraging flocks of starlings and S. enterica contamination of the CAFO environment, but these data cannot show that transmission is occurring between species or that shared feed sources are contributing to the infection process. Genetic identification is necessary to determine if S. enterica isolates obtained from starlings, livestock, and their shared feed and water sources are epidemiologically linked.
In this study we characterized patterns of XbaI-digested genomic DNA from S. enterica isolates collected from starlings and CAFO using pulsed-field gel electrophoresis (PFGE). PFGE profiling was completed for 182 S. enterica isolates collected from a single CAFO between 2009 and 2012. All serotypes of S. enterica isolated from starling gastrointestinal tracts (GI), external starling wash, cattle feces, cattle feed and cattle water trough samples were included in the PFGE analysis. The objectives of this study were to: (1) determine if starling GI and cattle fecal samples share indistinguishable S. enterica profiles based upon XbaI-digested genomic DNA patterns; (2) determine if S. enterica isolates from starling GI and external wash samples are phylogenetically related to isolates originating from cattle feed and water sources; (3) determine if antimicrobial resistance (AMR) in S. enterica is associated with starling-cattle interactions.
Methods
All S. enterica samples used in this analysis originated from a single CAFO in Moore County, TX, USA. The CAFO produced feeder cattle and had a herd size of approximately 50,000 head. No other livestock were present and the CAFO had extremely high visitation rates of starlings (!10,000 starlings/day).
Detailed methodologies for collection of external starling washes, starling GI, cattle fecal, feed and water trough samples, and Colorado State University, Veterinary Diagnostic Laboratory (CSU-VDL) procedures for Salmonella culture, serotyping and the antimicrobial susceptibility testing have been described by Carlson et al. (in review) . Briefly, 182 S. enterica isolates were used for PFGE analysis. Among these isolates 7 were collected in 2009, 35 were collected in 2010 and 140 were collected in 2012. Number of isolates included in PFGE analysis differed by serotype and source (Table 1) . PFGE analysis was conducted following the PulseNet protocol developed by the Centers for Disease Control (CDC, 2013; Ribot et al., 2006) . Standardized methods for molecular subtyping by PFGE are described below.
PFGE plug preparation
Frozen bacterial stock was cultured on Trypticase soy agar plates with 5% sheep blood (TSA-SB; BD Diagnostics, Sparks, MD 21152). A single colony from each TSA-SB plate was removed and transferred to falcon 2054 tubes containing 2 mL of cell suspension buffer (CSB). Cell suspension concentration was adjusted to the desired optical density of 1.3-1.4 nm through incremental additions of CSB. Absorbance (optical density) measurements were made using a spectrophotometer.
Casting plugs and digestion of genomic DNA
A 200 mL aliquot of cell suspension was transferred to a 1.5 mL microcentrifuge tube containing 10 mL of proteinase K. Agarose mixture (200 mL 1% SeaKem Gold; SKG) was added to each microcentrifuge tube, mixed gently and then dispensed into disposable PFGE plug molds. Table 1 Salmonella enterica serotypes isolated by source. All samples were collected in a concentrated animal feeding operation in TX, USA between 2009 and 2012.
Sample source
Salmonella Anatum
Salmonella Kentucky
Salmonella Montevideo
Salmonella Muenchen
Salmonella Meleagridis   Total   Cattle fecal  18  28  11  1  2  60  Water  21  8  14  3  3  49  Feed  6  12  4  3  4  29  Starling gastrointestinal  15  3  6  2  1  27  Starling external wash  5  3  2  5  2  17   Total  65  54  37  14  12  182 Plugs were removed from the molds after 15 min and placed into 50 mL conical tubes containing 5 mL of cell lysis buffer (CLB). Following an incubation period, plugs were washed with sterile water and again with sterile Tris-EDTA (TE) buffer (10 mM Tris, 1 mM EDTA [pH 8.0]). Plugs were digested with XbaI restriction buffer immediately after preparation. Tris-Borate EDTA (TBE; 200 mL of 0.5Â) was added to the microcentrifuge tubes and incubated at room temperature for 5 min. Plug slices were removed and placed on the bottom of comb teeth and positioned in the gel frame. Salmonella ser. Braenderup H9812 standards were placed on lanes 1, 7, and 14. Test samples were placed on lanes 2 through 6 and lanes 8 through 13. SKG agarose was then carefully poured into the gel frame and allowed to cool before the comb was removed.
Separation of restriction fragments and visualization of gel bands
The restriction fragments were separated in 2 L of 0.5Â TBE buffer at 14 8C using a CHEF Mapper electrophoresis unit (Bio-Rad, Hercules, CA 94547). CHEF Mapper was set to the following specifications: Auto Algorithm, 30 kb low MW, 700 kb high MW, runtime 18 h, pulse time of 2.16-63.8 s. Gels were stained with GelRed and DNA bands visualized with UV transillumination (Bio-Rad).
Analysis of PFGE results
PFGE profiles were analyzed using BioNumerics software (Applied-Maths, Kortrijk, Belgium). Banding patterns were compared using Dice coefficients with a 1.5% band position tolerance. Dendrograms with estimates of percent similarity were constructed for 182 isolates associated with five different S. enterica serotypes (Anatum, Kentucky, Meleagridis, Montivideo, Muenchen) using an unweighted pair group method and arithmetic average (UPGMA) clustering algorithm. Susceptible, intermediate and resistant (SIR) antimicrobial resistant patterns were included in the PGFE analysis for all S. enterica isolates collected in 2012.
Classification of S. enterica profiles were based upon the categories of genetic relatedness reported by Tenover et al. (1995) . Based on this classification scheme isolates are assumed to be indistinguishable if their restriction patterns have the same number of bands and the corresponding bands are the same apparent size. All indistinguishable dendrogram banding patterns are referred to as clades. Clades of S. enterica isolates are grouped within their respective serogroups and identified by number.
Results

S. enterica serotype Anatum
A total of 65 S. Anatum isolates were analyzed (Fig. 1) . Among the 65 isolates 4 were recovered in 2009, 17 were recovered in 2010, and 44 were recovered in 2012. A total of 6 clades were identified. Clade 5 accounted for 78.5% (51/65) of all S. Anatum isolates. This clade contained isolates with indistinguishable PFGE profiles originating from cattle feces (15/51), cattle water troughs (17/51), cattle feed (4/51), external starling wash (5/51), and starling GI samples (10/51). Isolates from this clade were recovered in 2009, 2010 and 2012. Two cattle fecal samples (4%) were resistant to different antibiotics. All other tested isolates within clade 5 were susceptible to antibiotics, but 53% (27/51) had intermediate levels of susceptibility to streptomycin.
Clade 4 also contained isolates with indistinguishable PFGE profiles shared by both starlings and cattle. Within clade 4 isolates were recovered from starling GI (4/6), cattle feces (1/6) and cattle feed samples (1/6). Half the isolates (3/6) were resistant to one antibiotic. Two isolates were resistant to sulfisoxazole and the remaining isolate was resistant to streptomycin. The other isolates were susceptible to all antibiotics.
S. enterica serotype Kentucky
A total of 54 S. Kentucky isolates were analyzed (Fig. 2) . All isolates were recovered in 2012. A total of five clades were identified. Clade 4 accounted for 66% (36/54) of all S. Kentucky isolates. This clade contained isolates with indistinguishable PFGE profiles originating from cattle feces (15/36), cattle water troughs (7/36), cattle feed (11/ 36), external starling wash (2/36) and starling GI samples (1/36). Within clade 5, 61% (22/36) of isolates were resistant to sulfisoxazole, one isolate (3%) showed resistance to streptomycin and 36% (13/36) of isolates were susceptible to all antibiotics.
Clade 3 also contained isolates with indistinguishable PFGE profiles that were shared by both starlings and cattle. Within clade 3 isolates were recovered from cattle feces (5/ 8), cattle water troughs (1/8), external starling wash (1/8) and starling GI samples (1/8). Within clade 3, 63% (5/8) of isolates showed resistance to sulfisoxazole and tetracycline, 13% (1/8) showed resistance to tetracycline, 13% (1/ 8) showed resistance to sulfisoxazole and 13% (1/8) were susceptible to all antibiotics.
S. enterica serotype Montevideo
A total of 37 S. Montevideo isolates were analyzed (Fig. 3) . Among the 37 isolates one was recovered in 2009, 13 were recovered in 2010 and 23 were recovered in 2012. A total of six clades were identified. Clade 1 accounted for 67.6% (25/37) of all S. Montevideo isolates. This clade contains isolates with indistinguishable PFGE profiles originating from cattle feces (11/25), cattle feed (2/25), cattle water (5/25), external starling wash (1/25) and starling GI samples (6/25). Isolates from this clade were recovered in 2010 and 2012. Only one isolate (4%) showed resistance to antibiotics and it was resistant to sulfisoxazole and tetracycline.
S. enterica serotype Muenchen
A total of 14 S. Muenchen isolates were analyzed (Fig. 4) . All 14 isolates were recovered in 2012. A total of four clades were identified. Clade 1 accounted for 57% (8/ external starling wash (2/4), and starling GI samples (1/4). No isolates originating from cattle feces were found in this clade. One isolate (25%) recovered from cattle feed showed resistance to sulfisoxazole.
S. enterica serotype Meleagridis
A total of 12 S. Meleagridis isolates were analyzed (Fig. 5 ). Among the 12 isolates, 2 were collected in 2009, 5 [ ( F i g . _ 4 ) T D $ F I G ] were collected in 2010, and 5 were collected in 2012. Starlings and cattle did not share indistinguishable PFGE profiles, nor were there indistinguishable PFGE profiles found between collection years. All S. Meleagridis isolates were susceptible to antibiotics.
Discussion
This manuscript contains important and novel data implicating starlings in the transmission ecology of S. enterica within the human food supply. Yet we would be remiss if we did not explicitly state that our samples were collected from a single CAFO. Readers should remember that it is conceivable other CAFO using different feed formulations, management practices, or raising other livestock may not show the same relationship between starlings and cattle that we document in this study.
Based upon the PFGE analysis of XbaI-digested genomic DNA, clades of S. Anatum, S. Kentucky, and S. Montivideo contained indistinguishable isolates recovered from starling GI tracts and cattle fecal samples. These data provides molecular evidence to support the hypothesis that interspecies transmission of S. enterica occurs when starlings interact with cattle in CAFO.
The data presented in this manuscript also provides molecular evidence to support the hypothesis that starlings contaminate cattle feed and water supplies with S. enterica as a consequence cattle feed consumption. Clades of S. Anatum, S. Kentucky, S. Montevideo and S. Muenchen contained isolates recovered from starling GI, feed and water samples. Clades from these same serotypes also contained isolates recovered from external starling wash, cattle feed and water supplies. Two clades of S. Muenchen contained isolates recovered from starling GI, starling external wash, cattle feed and water supplies but not from cattle feces. Thus, these data provides molecular evidence to support the hypothesis that starlings can act as fomites by mechanically moving S. enterica to cattle feed and water supplies (Carlson et al., in review) .
The PFGE analysis revealed that S. enterica isolates are capable of persisting within a feedlot for multiple years. Indistinguishable isolates of S. Anatum were recovered in 2009, 2010 and 2012 and indistinguishable isolates of S. Montivideo were recovered in 2010 and 2012. Both of these clades contained S. enterica isolates recovered from starling GI tracts. Other publications have documented the persistence of S. enterica in agricultural environments for 5-6 years (Sandvang et al., 2000; Uesugl et al., 2007) . To the best of our knowledge, our data is the first to implicate wild bird species as a contributor to long term environmental persistence of S. enterica in CAFO.
PFGE has good discriminatory power and has proven highly reliable (Heir et al., 2002) yet it is conceivable that the isolates we identify as indistinguishable actually differ slightly in terms of their chromosomal DNA patterns. PFGE can have difficulty discriminating between certain highly related strains of S. enterica; especially between S. Typhimurium DT104 isolates (Ribot et al., 2002.) . This analysis would have benefited if our PFGE results were validated with a second restriction enzyme or PCR analysis. For example, multiple-locus variable-number tandem-repeats analysis (MLVA), could be used to validate subsets of isolates classified as indistinguishable based upon XbaI-digested genomic DNA patterns.
Serotypes of S. enterica commonly associated with infection in humans and animals have been identified in asymptomatic wild birds suggesting they may be persistent shedders of S. enterica (Sambyal and Sharma, 1972) . Multiple publications have documented persistent S. enterica shedding by experimentally inoculated chickens for periods of at least 18-24 weeks (Gast and Holt, 1998; Immerseel et al., 2004) . Based upon these previous reports and data collected in this study, starlings may persistently shed S. enterica after initial infection, serving as disseminators of the bacteria among CAFO and other habitats in which they occur. Experimental infections of starlings with S. enterica should be conducted to elucidate shedding patterns. Such data will be useful in developing risk assessments for persistence of S. enterica strains in CAFO.
This study documented a specific dominant clade in each of the S. Anatum, Kentucky and Montevideo strains. Isolates within each of these dominant clades were indistinguishable based upon PFGE analysis of XbaIdigested genomic DNA. Yet, variation in the phenotypic expression of antimicrobial resistance existed within each of these clades, suggesting that genes responsible for antimicrobial resistance were acquired through conjugated plasmids.
Horizontal transmission of AMR genes in food animals and wildlife may create serious public health risks (Smith et al., 2014; Van de Bogaard and Stobberingh, 2000) . The unique ecology of starlings suggests these birds have the capacity to transport pathogenic bacteria and AMR genes from CAFO to urban and suburban environments. Starlings are known to use livestock facilities for food resources in winter when other natural food, such as insects and plant seeds, are limited (Dolbeer et al., 1978; Depenbusch et al., 2011) . During the summer, starling use of CAFO is minimal because insects and other plant foods are plentiful and starlings have dispersed to rear young (Linz et al., 2007) in urban and suburban landscapes (Blair, 1996; Melles et al., 2003) . Additionally, large winter roosts of starlings will occasionally occur in urban or suburban environments (Homan et al., 2006) . It is conceivable that starlings are transporting S. enterica and AMR genes into human dominated landscapes and their unique ecological interactions with livestock and humans may create public health risks. Unfortunately there is not any data to assess if starling use of CAFO is associated with the vectoring or movement of pathogenic bacteria or AMR genes to environments that create to public health risks.
We recommend that future research examines the temporal and spatial scope of mechanical movement and GI vectoring of S. enterica by starlings. In particular research needs to examine if starlings can mechanically move S. enterica between otherwise isolated animal agricultural facilities and assess the public health risk associated with starling roosts and breeding within urban and suburban landscapes.
This study was conducted using our banked S. enterica isolates collected between 2009 and 2012. The samples collected in 2009 and 2010 were originally used to document an association between starlings and contamination of cattle feed and water supplies (Carlson et al., 2011a,b) . Unfortunately neither of these studies were able to show an association between starlings and cattle fecal shedding rates of S. enterica even when number of starlings on feedlots were reduced by 66%. The PFGE data demonstrates that transmission between species is occurring and that shared feed sources likely contribute to the S. eneterica infection process in CAFO. Yet, the totality of this work suggests that starling introduced S. enterica does not drive the S. eneterica infection process in CAFO but instead is a secondary source of contamination, one that may be important for the movement and environmental persistence of S. enterica.
